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On a microscopic scale, deformation twinning is carried by
the motion of twinning disconnections. A disconnection is
an interfacial line defect characterized by a Burgers vector,
a line vector, and a step vector. The Burgers vector (dislocation component of the disconnection) carries the deformation while the step vector (ledge component) carries the
transformation from one twin variant to the other. On a mesoscopic scale, the deformation produced by twinning is a
simple shear. A moving disclination dipole provides a
mesoscopic model accounting for the twinning shear.
Twin – twin interaction processes including the intersection
of twins, the formation of structured twins, and the nucleation of cracks, may feature very complex mechanisms when
analyzed on a microscopic scale. It turns out, however, that
these mechanisms are controlled by the properties of large
disconnection groups containing up to 10 000 disconnections and more. These properties are sufficiently well approximated in the disclination dipole model. The disclination model for twin – twin interaction predicts orientation
and volume fractions of secondary twins. The model also
predicts the nucleation of cracks and crack growth. The disclination model was used to analyze the ductile-to-brittle
transition of austenitic steel deformed at low temperature.
The mesoscopic disclination model for twinning is successful because it accounts for the properties and mechanisms
of disconnection groups.
Keywords: Deformation twinning; Disconnection; Disclination; Twin interaction; Magnetoplasticity; Plasticity

Preface
I dedicate this paper to Professor Gernot Kostorz whom I
first met when I was a materials student at ETH Zurich taking his course “Materials Physics” in the winter semester
1988/1989. Prof. Kostorz served as co-examiner for my
doctoral thesis, in 1994, and in 1995 he supported my
post-doctoral stay abroad as an advisor for the Swiss National Science Foundation. In 1998, I returned to ETH Zurich and joined the Institute of Prof. Kostorz. During the following six years, I got to know him as a teacher and leader
with highest expectations regarding his own scientific and
educational work and also regarding the performance of
his group. I received extraordinary support during my time
at ETH Zurich and beyond. Prof. Kostorz’s advice – and
sometimes corrections – proved to be true and based on exZ. Metallkd. 97 (2006) 3
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perience. During my first year as a faculty, I frequently remembered his words at certain instances and I thought
“Ah, that is why he said so” – and I had to smile. Thank
you Gernot Kostorz!

1. Introduction
Deformation twinning occurs in many materials and has
been investigated for a long time. Twinning aroused new interest with the discovery of large magnetic-field-induced
deformation in magnetic shape-memory alloys (see [1] for
a recent review). In the 1980’s and 1990’s, twinning in
superconductors (see e. g. [2]), in martensites (see e. g. [3 –
5], and in intermetallic alloys (see e. g. [6 – 8]) attracted the
focus of many research groups worldwide. Furthermore,
twins are frequently observed in semiconductor thin films
and affect the efficiency of solar cells (see e. g. [9 – 12]).
Attracting the interest of a lot of materials scientists and
physicists nowadays, deformation twinning was studied by
crystallographers and mineralogists already in the nineteenths century. Brewster [13] and Pfaff [14] have described
defects that were formed in calcareous spar and mentioned
similarities with crystallographic twins. Reusch [15] presented the first clear hypothesis of deformation induced
twinning. Rose [16] showed in 1869 that channels in calcareous spar with special optical properties arise from deformation twin intersections. The first review paper on twinning was published in 1913 [17], already containing the
twinning elements still used today (see e. g. [18] for a more
recent review).
Though the crystallographic basis of twinning was elaborated more than hundred years ago, micromechanistic approaches are much more recent. The dislocation as basic
carrier of plasticity needed to be introduced before Frank
and van der Merwe could present the concept of a twinning
dislocation in 1949 [19]. Dislocation-based models for twin
growth followed soon [20, 21]. For a long time, twinning
has been described using dislocation theory. With respect
to more general grain boundaries, the step character of interfacial line defects was discussed starting in the late
1960s. Terms including steps, ledges, primary and secondary dislocations and others have been used in describing
line defects in grain boundaries [22]. Hirth and Balluffi
[22] have presented a topological approach and a classification of line defects in grain boundaries. King and Smith
[23] found the rule of step-heigth conservation during grain
boundary dislocation reactions and estimated the energy as205
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sociated with the step height. The step height can also be
defined in a group approach [24]. Consequences of the step
vetor regarding conservative motion of grain boundaries
were outlined by King [25]. In the 1990s, Pond and Hirth
have developed a rigorous topological approach to line defects in interfaces [26 – 29]. In recognition that a transformation dislocation topologically disconnects the crystals
joining a common interface, they introduced the term disconnection for interfacial line defects. A recent review relating the mobility of interfaces to the mobility of disconnections was published by Pond and Celotto [30] including
the description of deformation twinning as a special case.
One of the characteristics of a deformation twin is to produce a specific misorientation, while a moving disclination
produces a constant rotation. This coincidence was pointed
out first by Armstrong in 1968 [31]. However, it is more
suitable to describe the twin misorientation as a shear operation since this corresponds to the actual deformation. A
moving disclination dipole produces a homogeneous shear
[32]. Kroupa and Lejcek [33, 34] presented the disclination
dipole model for a deformation twin and Romanov et al.
have shown that Somigliana dislocations are formed if the
twin head is inclined to the twinning plane [35].
Many authors have contributed to the field of twin-twin
interaction. Probably the earliest work is dating back to
1869 [16]. Twin – twin interaction is occurring in superconductors (e. g. [36]), in semiconductors (e. g. [37 – 39]), in
displacive phase transformations (e. g. [40]), in piezoelectric ceramics (e. g. [41]), in magnetoplastic intermetallics
(e. g. [42]), in plasticity (e. g. [43 – 45]) and associated with
fracture (e. g. [46]). No attempt is made here to give a complete literature review. A significant account on the twinning literature prior to 1995 can be found in [18]. The aim
of this paper is to briefly outline microscopic and mesoscopic descriptions of twinning mechanisms and to review
some examples of twin – twin interaction.

2. Twinning disconnection
2.1. Twinning dislocations
Deformation twinning comprises formation of a microtwin
plate (nucleation) and thickening of the plate (growth).
The minimum thickness of the nucleus is the d-spacing of
the twinning plane. A nucleus may be considered a stacking
fault bound by a partial dislocation. The area of the stacking
fault grows by the motion of the partial dislocation into the
perfect surrounding (matrix). The thickening of the twin
plate occurs by the motion of an (incoherent) step on the coherent twinning plane. A step contains a Burgers vector and
is a partial dislocation as pointed out first by Frank and van
der Merwe [19] who referred to this defect as twinning dislocation. The partial dislocations bounding a stacking fault
and the twinning dislocations causing thickening may be
different. In many cases however, they are the same, e. g.
in face-centered cubic crystals.
In the model of Frank and van der Merwe, the Burgers
vector of the twinning dislocation is assumed to be parallel
to the twinning plane, which in this case coincides with the
glide plane of the dislocation. Therefore, the twinning dislocation can move conservatively along the twin boundary
not requiring diffusion. This is the mechanism of deformation twinning occurring in many materials including face206

centered cubic copper alloys and austenitic steels (e. g.
[43, 44], body-centered iron alloys (e. g. [46]), hexagonal
metals and alloys [47], and intermetallics (e. g. [7, 48]). In
some metals deformation twinning is more significant when
deformed at low temperature [49] or at high deformation
rates (e. g. in aluminum alloys [50]).
The Burgers vector of the twinning dislocation may have
a component perpendicular to the twinning plane. Medlin
and coworkers [51, 52] have investigated the formation of
twins in aluminum under mechanical loading at high temperature. They found twinning dislocations to be Frank dislocations with Burgers vector 1/3<111>, i. e. perpendicular
to the twinning plane. These dislocations cannot glide but
climb along the twin boundary requiring long range diffusion.
Aside from requiring diffusion in the twinning mode studied by Medlin et al. [51, 52], there is a second significant
difference between twinning modes with Burgers vectors
parallel and perpendicular to the twinning plane. In the former case, the motion of the twinning dislocation causes a
complete transformation of one orientation variant into the
other. Both crystals change there volume by the same
amount, one crystal grows, the other shrinks. In the latter
case, the volume change of one crystal is compensated only
in part by the volume change of the other crystal. A net volume change occurs as a result of dislocation climb.
2.2. Twinning disconnections
Pond and Hirth have developed a theory of moving interfaces based on interfacial line defects which they call disconnections [26 – 29]. Disconnections have a Burgers vector describing a translational defect (dislocation) in the
dichromatic pattern of the two crystals sharing the interface. In addition, disconnections have a step vector (step
height). Both, Burgers vector and step vector are topological entities. A disconnection is characterized by Burgers
vector, step height and line vector. To define Burgers vector
and step height, the crystals are virtually separated along
the interface (Fig. 1), leaving a step on each surface. The
crystals are labeled black and white. Each step is characterized by a step vector tl and tk for the black and the white
crystal. Starting and end points of both vectors are chosen
such as to match in the bicrystal. The step height is defined

Fig. 1. A disconnection in an interface can be characterized by (virtually) separating the two crystals along the interface. Each crystal surface contains a surface step characterized by a step vector tk and tl. The
step height h of the disconnection is the overlap of the normal components of tk and tl. The Burgers vector b of the disconnection is the difference vector tk – tl and has components parallel (b||) and perpendicular (b) to the surface. For a glissile twinning disconnection, b? = 0 [30].
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as the overlap of the step vectors in the direction perpendicular to the interface. Thus, the step height is the smaller
of the two step vector components perpendicular to the interface if they have the same sign. Otherwise, the step
height is zero. The Burgers vector of the disconnection is
the difference of tk and tl.
As the disconnection moves along the interface, the Burgers vector component b|| parallel to the interface causes a
shear whereas the Burgers vector component b? perpendicular to the interface causes dilatation or compression.
Thus, the Burgers vector describes the deformation carried
by a moving disconnection and, consequently, the interaction of the disconnection with a stress field. A stress field
r exerts a mechanical force Fmech on a disconnection,
which is given by the Peach – Koehler relation [53]:
Fmech ¼ ðbrÞ  l

sfield ¼

DEi
s

ð4Þ

where s = b/d is the twinning shear.
Field-induced twinning is the mechanism of electromechanical actuation of ferroelectric Perovskite-based
ceramics including PbTiO3 and BaTiO3 (e. g. [55, 56]).
Field-induced twinning is also the mechanism of magnetomechanical actuation of magnetoplastic materials including
ferromagnetic shape-memory alloys Ni2MnGa (e. g. [1,
57 – 59] and FePd (e. g. [60]).

ð1Þ

where l is the unit line vector of the disconnection. For a deformation twin with Burgers vector parallel to the interface,
the magnitude Fmech of the mechanical force is simply
Fmech ¼ sb

force and a field force act simultaneously according to
Eqs. (2) and (3), mechanical equilibrium yields the
mechanical shear stress which can be balanced by a force
field (magnetic or electrical field) [54]:

ð2Þ

where s is the shear stress component on the twinning plane
parallel to the Burgers vector and b is the magnitude of the
Burgers vector.
The Burgers vector controls the deformation, the step
height controls the transformation induced by a moving disconnection. For a deformation twin, the surface steps of the
virtually separated crystals have perfect out-of-plane overlap. The Burgers vector is parallel to the interface and the
deformation is a shear. The moving disconnection leads to
a “perfect” transformation between black and white crystals
without volume change. In contrast for the “climb twins”
investigated by Medlin [51, 52], the surface step of the
white crystal equals two spacings d111 of close-packed
planes whereas the surface step of the black crystal equals
one spacing d111. The Burgers vector is perpendicular to
the interface. The moving disconnection leads to a dilatation/compression with a net volume change. Glissile disconnections of deformation twins (with b? = 0) and climb
twins (with b|| = 0) are limiting cases. There are twinning
disconnections with b? 6¼ 0 and b|| 6¼ 0, e. g. in Zr – Nb alloys [30].

2.4. Partial twinning disconnection
For crystal structures with large unit cells, twinning requires shuffle [18], i. e. the short-range atomic site exchange within a unit cell not leading to a shape change. A
large shuffle reduces the mobility of the twinning disconnection. The amount of shuffle increases with increasing
number of atoms per primitive unit cell. It also increases
with the step height of a twinning disconnection. Consider
for example twinning in 14M martensite [61, 62]. The martensite forms from the L21-ordered cubic high-temperature
phase (Heusler alloy, Fig. 2a). Upon the martensitic phase
transformation, the cubic unit cell distorts to become
orthorhombic. In addition, the (101)C planes undergo an order displacement Do, forming a long-periodic monoclinic
structure (Fig. 2b) and become (001)M of the martensite.
The subscribed C and M refer to cubic and monoclinic.
The monoclinic unit cell contains 14 (101)C planes.
Due to the order displacement, there are atomic planes
parallel to (001)M with different structure. E.g. the planes
A and B in Fig. 2b have different neighborhood relationships. While the direction of order displacement is constant
across plane A, it changes direction across plane B. To distinguish between lattice planes and “atomic planes”, the
following notation is used hereafter [62]. (001)M denotes

2.3. Field-induced twinning
When the disconnection moves a path p, the product pd is
the volume per unit length of the disconnection line, which
transforms from a black crystal state to the white crystal
state or vice versa depending on the direction of motion. If
the two crystal states have different internal energy densities Ei, the total energy per unit length of a disconnection
line changes with the motion of the disconnection by
pd DEi where DEi is the difference in energy density. Thus,
pd DEi is the potential U in which the disconnection moves.
The negative derivative of the potential with respect to the
path variable p is the field force Ffield:
Ffield ¼ 

@U
¼ dDEi
@p

ð3Þ

A disconnection is in mechanical equilibrium if the sum of
all forces on the disconnection equals zero. If a mechanical
Z. Metallkd. 97 (2006) 3

Fig. 2. Crystal structures of (a) the cubic L21-ordered austenite phase
and (b) 14M martensite. During the martensitic transformation, the order displacement transforms the straight dashed line in (a) into a zigzag
line in (b). The atomic planes A, B, C, and D can be distinguished by
their nearest neighbor and next-nearest neighbor relationships.
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the crystallographic plane with spacing d001:

p
d001 ¼ cM cos b 
2

ð5Þ

where b is the monoclinic angle and cM is the lattice parameter along [001]M of the monoclinic phase. The symbols
(002)M and (0014)M denote atomic planes with spacing
d002 and d0014:
2d002 ¼ 14d0014 ¼ d001

ð6Þ

The twinning plane is (001)M. The step height of a complete
(or perfect) twinning disconnection has a step equal to d001
[62] and a Burgers vector b
b ¼ be100 ¼ 12Do e100

ð7Þ

where e100 is a unit vector along the twinning direction
[100]M and Do is the order displacement of neighboring
(0014) planes. If the dislocation core is confined to a single

Fig. 3. High-resolution transmission electron micrograph of
Ni51.5Mn27.0Ga21.5 14M (
52)2 structure [62]. Beam direction is parallel
to [0
10]M. Two partial twinning disconnections with Burgers vectors of
type b14 are marked with arrows. The position of the disconnections
can be identified when glancing the image at an acute angle facing the
arrow tips. There are twelve consecutive (0014) planes with positive
order displacement Do on the right side of the right arrow. Between
the arrows, there is one (0014) plane with a negative order displacement. On the left side of the left arrow, two (0014) planes have a negative order displacement. The image displays the perfect (
52)2 stacking
sequence on the left side. On the right side, the stacking sequence is
faulty on the planes with the disconnections.

(0014)M plane, motion of the twinning disconnection does
not produce a twin. A large shuffle is required on 14 adjacent (0014)M planes to restore the structure of the martensite phase and effectively move the twin boundary by one
(001) twinning plane.
The twinning disconnection can dissociate in two equal
partial twinning disconnections with Burgers vector
b2 = b/2. Between the partial twinning disconnection, the
structure of the twin boundary is misarranged causing an increase of the boundary energy. This energy results in a force
that keeps the partial twinning disconnections together.
Therefore, the partial twinning disconnections move pairwise on successive (002)M planes. A similar shuffle as for
the perfect (i. e. non-dissociated) twinning disconnection is
required to establish the true twin structure.
The twinning disconnection may also dissociate into 10
“negative” and 4 “positive” partial twinning disconnections
with Burgers vector b14 ¼ 2Do e100. Two b14 dislocations
are displayed in the HREM image Fig. 3. If these partial
twinning disconnections are arranged on successive
(0014)M planes in an ordered pattern where five negative disconnections follow two positive disconnections (Fig. 4a),
their collective motion produces a true twin without requiring any shuffle. Thereby, the position of “B-planes” remains
constant. In other words, the shuffle is carried by the partial
disconnections. This is possible because the shuffle of each
atom is parallel to the twinning direction.
A fourth possibility is that only three negative b14 disconnections move on those (0014)M planes which are next to a
B-plane, i. e. at the boundary between layers with a positive
and a negative order displacement (Fig. 4b). The motion of
these disconnections also produces a true twin without any
shuffle. Here however, only two of the four B-planes per
unit cell are stationary while two B-planes turn into Aplanes and two A-planes turn into B-planes.
The Burgers vector b14 is very small. Therefore, these
partial twinning dislocations nucleate and move under the
action of small stresses and forces [54, 59]. To reduce local
stresses, b14 disconnections may move individually and
produce stacking faults and a variety of polytypes. Further
examples of materials in which the motion of partial disconnections leads to the formation of polytypes include
SiC [63], Ni – 11.8 at.% Ti [64], MnAl – C [65], Co – W
[3], superconductors [2], and Co – Fe [5].

Fig. 4. Arrangement of partial twinning disconnections. (a) A continuous ordered array
of disconnections with positive-b14 (symbol
“?”) and negative-b14 (symbol “>”) Burgers
vectors produces a twin with fixed B-planes.
(b) The motion of a discontinuous ordered
array of exclusively negative-b14 dislocations
also produces a twin. In this case, every other
B-plane turns into an A-plane and vice versa.
No shuffle is required in both cases.
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3. Disconnection interaction, disclination dipoles,
and Somigliana dislocations
3.1. Disconnection interaction
In general, the line of a disconnection can take any path
within the interface. The disconnection may be straight or
curved. For simplicity, the treatment is limited here to
straight disconnections with Burgers vector perpendicular
to the disconnection line and parallel to the interface.
Furthermore, it is assumed that all disconnections are identical (same b and d) and belong to the same interface. The
interface is, thus, made up of terraces which are separated
by disconnections. At the starting point of the following
discussion it is assumed that the width of each terrace is
large compared with the step height.
Disconnections interact through their strain field. It is,
thus, sufficient to consider their dislocation character (Burgers vector) and position for analyzing mutual interaction
of pairs and larger groups of disconnections.1 The interaction of disconnections can be treated in the framework of
dislocation theory (e. g. [66] for an introduction and [67]
for advanced studies). Since the disconnections are identical and far apart from each other, they strongly repel (the interaction force decaying inversely with distance). Without
external force and free path, the disconnections tend to separate as far as they can, leaving a flat interface parallel to
the plane of the terraces.
The situation does not significantly change when a constant force acts on all disconnections of a given interface.
If the force exceeds the internal friction, the dislocations
simply move collectively. However, if individual disconnections are exposed to different (may be opposing) forces
or if the mobility of individual disconnections is reduced,
the problem becomes more interesting. Assume all disconnections are exposed to a constant external force and all disconnections but one are perfectly mobile (no friction force).
The one distinct disconnection is completely blocked, i. e.
immobile. This disconnection is labeled D1. On one side of
D1, the external force moves the neighboring disconnections away from D1. These disconnections do not need to
be considered further. On the other side of D1, however,
the external force pushes the next disconnection (which is
labeled D2) and all following disconnections D3, D4, . . .,
DN towards the blocked D1. Each disconnection experiences the external force plus the interaction forces of all
other disconnections. As the disconnections move closer towards D1, the interaction forces increase, and eventually
balance the external force. When the net force on all disconnections is zero, mechanical equilibrium is established. The
equilibrium position can be found numerically [68].
If the external force is small, the disconnections are far
apart and can be treated as a dislocation pile-up [69, 70].
In a dislocation pile-up, the dislocations all slip on the same
glide plane. The repulsive interaction force between two
identical dislocations on the same glide plane is inversely
proportional to the distance and has a singularity at zero distance. Therefore, dislocations can not completely approach
each other. For interfaces, glide planes of neighboring dis1

In ferromagnetic and ferroelectric materials, twin boundaries are
charged at the disconnections resulting in interaction forces which
are not considered here.

Z. Metallkd. 97 (2006) 3

connections are separated by the step height. The
pﬃﬃﬃ
 repulsive
force has a maximum at a separation of about 1 þ 2 d
(assuming isotropic elasticity). At a distance equal to the
step height, the interaction force is zero (instable equilibrium) and turns even attractive at smaller separation. At
zero distance, i. e. when the two disconnections are combined and form a double step, the interaction force is zero.
This is a mechanically stable defect configuration.
Since the step height is usually small (in the order of the
lattice parameter), the maximum repulsive interaction is
very strong and prevents the formation of a double step
when there are only two disconnections. However, if there
are many disconnections, they form a (slightly inclined)
dislocation pile-up (Fig. 5a). The head dislocation of a

(a)

(b)

(c)
Fig. 5. Interaction of twinning disconnections with an obstacle (gray).
Twinning disconnections move from left to right, produce a twin, and
pile up at an interface. (a) For a thin twin, the repulsive force of the first
disconnection D1 (at the obstacle) is sufficient to hinder the second dislocation from entering the interface. The equilibrium separation between adjacent twinning disconnections is large compared to the
d-spacing (drawing not to scale). (b) For a thick twin, the force of the
subsequent disconnections on the second disconnection D2 is sufficient
to push D2 (and the following disconnections) into the obstacle. Totally
M disconnections form a nascent disconnection wall with height
2a=Md. The stress field of the disconnection wall can be described as
a disclination dipole (two triangles). (c) Bright-field transmission electron micrograph taken along <110>C. A martensite variant boundary
runs from the top left corner to the lower right. The twins in the
martensite variant to the left are edge on. The twins in the martensite
variant to the right are inclined by 45°. Disconnections pile up at the
martensite variant boundary. The steps in the twin boundaries cause a
phase shift of the electron beam leading to a strong contrast variation
at the positions of the disconnections.
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pile-up experiences the force due to the external stress multiplied with the number N of pile-up dislocations. It is assumed here, that the obstacle which blocks disconnection
D1 is strong enough to balance the force due to the pile-up.
Disconnection D2 experiences the repulsive force of D1 plus
the pile-up force which is N – 1 times the external force. The
pile-up force acts in the opposite direction than the interaction force due to D1. For large N, the pile-up force exceeds
the repulsion of D1. D2 approaches D1 to form a double
step. Assuming the external force is due to a homogeneous
shear stress on the plane of the interface in the direction of
the Burgers vector, the critical shear stress sc for the formation of a double step is inversely proportional to the total
number N of disconnections [71]:
G
Gd
¼ pﬃﬃﬃ
sc ¼ pﬃﬃﬃ
4 2ð1  mÞ N 4 2ð1  mÞ t

ð8Þ

where G and m are shear modulus and Poisson’s ratio respectively. The term on the right is obtained for an isolated
twin with thickness t = Nd. In this case, D1 is effectively a
partial dislocation nucleating a micro-twin plate (which is
a stacking fault). For very thin twins, e. g. t = 10 nm, the
critical shear stress sc is about 10 – 2 G, which is a very large
shear stress and exceeds the strength of the material. Thus,
at a reasonable stress level, the second disconnection of a
thin twin may not overcome the repulsion of D1 and no
double step forms. For very thick twins, e. g. t = 100 lm,
the critical shear stress sc is about 10 – 6 G, which is easily
reached by mechanical loading. Thus, the second disconnection may overcome the interface and form a double step
or superdisconnection.
3.2. Disconnection wall and disclination dipole
With increasing stress, more disconnections will approach
the blocked D1 and D2. They form a disconnection wall.
At a given shear stress s, M disconnections are captured in
the disconnection wall. The stress field of a wall of M dislocations (representing the stress field of a wall of M disconnections) is well approximated by a disclination dipole with
arm 2a = Md and strength x (Fig. 5b, [32, 72]):
 
s
b
¼ 2 tan1
s
ð9Þ
x ¼ 2 tan1
2d
2
where the approximation is valid for small twinning shear
s 5 1 as typical for shape-memory alloys. As the disconnection DM+1 approaches the disconnection wall, it experiences the repulsive interaction force of the disclination dipole and the pushing force of the ‘trailing’ pile-up of N –
M dislocations. The repulsive force has a maximum at a
distance from the obstacle equal to the disclination dipole
arm 2a. Balancing the maximum repulsive force of the
wall of M disconnections with the pile-up force of N – M
dislocations yields a criterion for the shear stress required
to push the disconnection DM+1 to join the disconnection
wall. The expression can be solved for the ratio g = M/N
which is the fraction of disconnections in the wall [73,
74]:
pﬃﬃﬃ
xG
2x sc
¼1
ð10Þ
g¼1
4pð1  mÞ Ns
p s
210

Fig. 6. Size of the disconnection wall (given as fraction g of disconnections in the wall compared to the total number of disconnections in
one twin) as a function of shear stress. Symbols, dashed, and dotted
lines are the analytical and numerical results for three different twin
lengths l [68]. Above the critical shear stress sc, the wall size increases
steeply.

Equation (10) is an approximation the limits of which are
discussed in [73]. In a numerical approach, Kamat et al.
have found good agreement with Eq. (10) for a number of
twin thicknesses as displayed in Fig. 6 [68]. The wall size
g quickly increases as the shear stress s exceeds the critical
stress sc. It follows that for cases with low sc, a twin tip
forms a disconnection wall at strong obstacles (e. g. at interfaces) and the stress field of the twin is well described in the
disclination dipole model [72, 73]. Examples of such walls
have been described in the literature (e. g. [36]).
3.3. Somiglinana dislocation dipole
If the plane of the disconnection wall is inclined to the twinning plane by an angle  6¼ p/2 (Fig. 7a), there is a component bp of the Burgers vector, which is parallel to the wall
(Fig. 7b). The parallel components of all aligned disconnections can be represented by a Somigliana dislocation dipole
with strength xs (Fig. 7c). The normal components bn form
a wedge disclination dipole of strength xd. Properties of
such dipoles are given in [32] for disclinations and in [35]
for Somigliana dislocations.

4. Twin-twin interaction
So far, single twins containing N disconnections and the interaction of the disconnections with a rigid obstacle have
been considered. For the following sections, the obstacle is
taken to be a barrier twin (BT) onto which an incident twin
(IT) is arriving by the collective motion of twinning disconnections.
Z. Metallkd. 97 (2006) 3
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The stress is concentrated close to the twin tip. If the wall
is large enough, i. e. when gN ≥ Nc where Nc is a critical
value, dislocations with Burgers vectors perpendicular to
the twinning plane of the incident twin nucleate on planes
parallel to the habit plane of the barrier twin (Fig. 8b). The
critical number Nc can be estimated from numerical results
[75, 76] and is in the order of 10 [77]. With Eq. (10) and
g · N = Nc, the stress si required for dislocation nucleation
in the barrier twin is
Gx
ð11Þ
si ¼
4pð1  mÞ ðN  Nc Þ

(a)

(b)

(c)
Fig. 7. Microscopic and mesoscopic defect content of a wedge-like
terminated twin. (a) Twinning disconnections (represented as dislocations) with Burgers vector b parallel to the habit plane. (b) Decomposition of twinning Burgers vectors into components normal bn and parallel bp to the incoherent (inclined) boundary. (c) Wedge disclination
dipole xd and Somigliana edge disclocation dipole xs being counterparts to the two dislocation families in (b) [85].

4.1. Mesoscopic description of twin intersection
The disconnection wall (Fig. 8a) produces a high shear
stress on the twinning plane of the barrier twin in direction
perpendicular to the twinning plane of the incident twin.2
2

The shear stress on the barrier twin plane has two origins. One is the
applied load that produces a shear stress which pushes the twinning
disconnections into the barrier twin. Due to the symmetry of the
stress tensor, the same shear stress must be present on the barrier
twin plane. The second contribution is due to the twinning disconnections forming the disconnection wall. Close to the disconnection
wall, the shear stress due to the disconnection wall dominates the
stress state [32].

Once the dislocations are nucleated, the twinning shear of
the incident twin is transmitted through the barrier twin by
the collective motion of these dislocations [32, 78, 79].
The dislocations form dislocation walls within the barrier
twin (Fig. 8b). When these walls reach the opposite interface of the barrier twin, new twinning disconnections are
nucleated in the matrix continuing the growth of the incident twin (Fig. 8c).
From a mesoscopic point of view (Fig. 8d – f), the disclination dipole representing the disconnection wall of the incident twin traverses the barrier twin by just changing its
microscopic representation [79, 80]. There are 5N dislocations to be considered for twin intersection in the microscopic approach whereas there are only 2 disclinations in
the mesoscopic approach. This great simplification is possible since the long-range stress field of the twin tip does not
depend on the microscopic representation of the disclination dipole [32]. The stress field of the disclination dipole
does not change during the course of twin intersection.
However, details of the intersection mechanism depend on
the structure. In austenitic steel (face-centered cubic), the
dislocations in the barrier twin are perfect dislocations.
Their motion leads to a reorientation of the intersected volume (Fig. 9, [80]). In germanium (diamond structure), the
dislocations in the barrier twin are transformation disconnections leading to a phase change. In this case, the diamond hexagonal phase is formed [38, 39, 79].

(a)

(b)

(c)

(d)

(e)

(f)

Fig. 8. Microscopic (a – c) and mesoscopic (d – f) models of the twin intersection mechanism. (a) Disconnections pile up at the twin boundary of the
barrier twin (BT). (b) Under the stress field of the disconnection wall, dislocations nucleate within BT and transmit the shear through the formation
of two dislocation walls. (c) Twinning disconnections nucleate in the matrix when the dislocation walls reach the opposite boundary of BT. (d) The
incoming twin (IT) forms a disclination dipole at the twin boundary of BT. (e) The disclination dipole moves through BT and (f) continues its motion after leaving BT.
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Fig. 9. Example for a twin intersection in austenitic steel [80]. (a) Bright-field transmission
electron micrograph showing a barrier twin
(vertical) which was crossed by an incident
twin (IT, horizontal). (b) Dark-field image taken with a reflection of IT. The intersection volume has changed its orientation due to the dislocations active in the intersection mechanism
(see Fig. 8b) from BT orientation to IT orientation.

(a)

(b)

4.2. Multiple twin interaction
Figure 10 is a further example of twin intersection in austenitic steel similar to Fig. 9. However, it is more complex.
Incident and barrier twins are not single defects but form
bundles of twins. Furthermore, there is a finely twinned

wedge (arrow) inside the intersecting twin bundle and attached to the intersection prism. Bundles of twins and
twinned wedges are the result of multiple twin interaction.
Figure 11 is a schematic of several successive twin intersection events. A horizontal barrier twin was crossed by a vertical twin (Fig. 11a). Next, the horizontal twin grows laterally by the motion of further twinning disconnections
which form a wall at the vertical twin, which is now a barrier twin (Fig. 11b). The disconnection wall is represented
in Fig. 11b by a disclination dipole. The disclination dipole
traverses through the vertical (barrier) twin utilizing the
mechanism described in Fig. 8. When this portion of the
horizontal twin has crossed through the vertical twin, the total horizontal twin (left side) has split into two twins at the
right side forming a twin bundle (Fig. 11c). Twin bundles
are frequently observed, e. g. in germanium [69], TiAl [56,
57], and austenitic steel.
The splitting decreases the average shear s’:
s0 ¼ ð1  ju Þ

ð12Þ

where ju is the fraction of the untwinned volume in the bundle on the right side of Fig. 11c. The shear stress sbundle
required for a twin bundle to intersect a barrier twin is obtained from Eqs. (9), (11), and (12) by using the approximation s  x and assuming Nc 5Nsingle < Nbundle:
Fig. 10. Example for an intersection of twin bundles [74]. Wedges
with internal (or secondary) twins appear.

(a)

(b)

Nsingle
sbundle
¼ ð1  j u Þ
<1
ssingle
Nbundle

ð13Þ

(c)

Fig. 11. Multiple twin interaction. (a) Intersection of a barrier twin (horizontal) and an incident twin (vertical). (b) The barrier twin grows further
by the motion of twinning disconnections. The disconnections pile up and form a disclination dipole (triangles) at the vertical twin which now acts
as barrier. (c) The disclination dipole moves through the vertical twin as described in Fig. 8. After this intersection event, the horizontal twin is split
into a bundle of two twins on the right side.
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where ssingle is the twin intersection stress (Eq. 11) for a single thin twin, and Nsingle and Nbundle are the number of disconnections in a single twin and in the full twin bundle.
Since sbundle < ssingle, a bundle of thin twins can intersect a
barrier twin more easily than one thin single twin. Under a
shear stress s with sbundle < s < ssingle, a single twin is efficiently blocked at a barrier twin whereas a twin bundle can
intersect (Fig. 12b). Within the intersection prism, the dislocation density is adjusted such as to accommodate the imposed average shear s’. Beyond the second twin boundary,
the imposed average shear can be produced either by formation of a new twin bundle or by forming a wide single twin
with internal (secondary) twins (Fig. 12c). The latter seem
to be formed more easily since it usually appears directly
connected to the intersection sites. However, deformation
by twin bundles seems to be more stable since frequently
the wide twin with internal twins transforms into a bundle
of thin twins as schematized in Fig. 12c. This transformation results in characteristic twin wedges (e. g. Fig. 10).
Such twinned wedges have been observed in a variety of
materials including austenitic steel, Co – Fe alloys [45],
and TiAl [6, 81].
4.3. Internal twinning
In some cases, the formation of internal twins is stable and
results in long bands of structured twins [82 – 84]. An exam-

ple is presented in Fig. 13 for austenitic steel. In the habit
plane of the structured twin are two types of twinning disconnections (represented as dislocations in Fig. 14a). The
Burgers vectors of both types of disconnections have components parallel and perpendicular to the habit plane resulting in Somigliana dislocation dipoles and disclination dipoles (Fig. 14b). The Somigliana disclinations cancel in
average leaving a chain of disclinations in each interface.
The total energy per length of the structured twin is the
sum of strain energy and the energy due to interfaces. The
strain energy (per length of the structured twin) comprises
the strain energy and interaction energy of all disconnections. The strain energy decreases with decreasing separation of the disclinations, i. e. it decreases with increasing
number density of internal twins. The energy of interfaces
(per length of the structured twin) is proportional to the total
area of twin boundaries in the structured twin, which is proportional to the number density of internal twins. Thus,
there is a minimum of the total energy, which defines the
number density of internal twins and their thickness. An
analytical solution for the equilibrium separation of the
disclinations and the content of internal twins can be found
for a quadrupole approximation (schematically given in
Fig. 14c). A detailed analysis of the defect structure of
structured twins can be found in [85]. The step energy of a
disconnection [23] is not taken into account in this approach.

(a)

(b)

(c)
Fig. 12. Twin intersection by a twin bundle. (a) A single thin twin is
effectively blocked by a barrier twin (vertical) at a small shear stress allowing a group of thin twins (a twin bundle, horizontal) to pile up at the
barrier twin. (b) The twin bundle can be modeled by a disclination dipole with strength x0  (1 – ju) x. The disclination dipole moves
through the barrier twin by the mechanism described in Fig. 8. (c) After
intersection, the average shear s0 = (1 – ju) s is carried by a broad structured twin (primary twin with secondary twins). The structured twin
eventually transforms into a twin bundle.

Z. Metallkd. 97 (2006) 3

Fig. 13. Example of a structured twin in austenitic steel [85]. (a)
Bright-field transmission electron micrograph with a broad structured
twin (A) containing thin secondary (internal) twins. There are two
further types of secondary twins visible: twins denoted with B are
edge-on (these are conjugate twins and cause reflections in the diffraction pattern (b); twins denoted with C are inclined (not edge-on)
and do not cause reflections in the diffraction pattern. (b) Selected
area diffraction pattern of matrix, structured twin (with internal twins)
and conjugate twin. The pattern is composed of four superimposed
011-patterns corresponding to matrix (M), primary twin (T1), internal
twins (T2), and conjugate twins (TC) as indicated in the schematics
(c) and (d).
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4.4. Crack nucleation and fracture
The long-range stress field of the disconnection wall corresponds to that of a superdislocation with Burgers vector
bs = Nb. More closely to the wall, the disclination dipole approximation is more accurate. At the position of the disclinations, i. e. at the ends of the disconnection wall, there are
two stress singularities. The normal stress rxx on the plane
containing the disconnection wall, i. e. the boundary of the
barrier twin, overcomes the theoretical strength and nucleates a crack (Figs. 15a, b). At the crack tip, the external load
is increased by a stress concentration factor which depends
on the crack tip radius. The crack tip stress rct increases
with increasing crack length (Fig. 15b). The total normal
stress rtot exhibits a minimum rmin. If the minimum is less
than the theoretical strength, crack growth stops and the
crack is stable. If the minimum is larger than the theoretical
strength, the crack tip movement is unstable and may even-

tually lead to fracture. The position of the stress minimum
and its value depend on external loading and the ability of
blunting the stress tip by plastic deformation [77].
The ductile-to-brittle transition observed in nitrogen-alloyed austenitic steel at low temperature was modeled using
the disclination model for a twin [77, 86]. The thickness of
deformation twins increases with increasing temperature.
The stress rti = 2si required for twin intersection decreases
with increasing twin thickness. Therefore, the intersection
stress increases with decreasing temperature. For low
enough temperature, the stress required for twin intersec-

(a)

(b)

(c)

Fig. 14. Defect description of the structured twin. (a) Microscopic description in terms of primary (b1) and secondary (b2) Burgers vectors.
(b) Mesoscopic defect content including wedge disclination dipoles
(xd) and Somigliana dislocation dipoles (xs). The Somigliana dislocations cancel in average, leaving a row of wedge disclinations in each interface (c). The equilibrium thickness and separation of internal twins
can be analyzed using a disclination quadrupole approach (indicated
in the inset) [85].

214

Fig. 15. Formation of a crack by twin – twin intersection. (a) Schematic of the crack nucleus at the twin edge with the “negative” disclination (open triangle). (b) Normal stress on the twin boundary of the
barrier twin as a function of distance ( – y) from the tip. The stress of
the disclination dipole rxx decays as – 1/(y+a). The stress concentration rct at the crack tip due to the applied load increases with increasing
crack length. The total stress rtot has a minimum and increases with
large crack length. (c) Stress required for twin intersection (rti) and instable crack growth (rbf). For thick twins (N > NBDT), twin intersection
occurs at a small stress. For thin twins (N < NBDT), instable crack
growth requires a smaller stress than twin intersection.

Z. Metallkd. 97 (2006) 3

B

Basic

P. Müllner: Between microscopic and mesoscopic descriptions of twin – twin interaction

tion is larger than the stress rbf leading to instable crack
growth and brittle fracture (Fig. 15c). At elevated temperature, twin intersection is active. Twin intersection allows
for a plastic response resulting in ductile fracture. At low
temperature, twin intersection is suppressed. Plasticity is
limited and fracture occurs in a brittle mode.

5. Discussion
On a microscopic scale, twinning occurs by the motion of
twinning disconnections. Descriptions on the microscopic
scale are appropriate when disconnections are widely
spaced. Disconnection spacing is large when the overall
stress level is low. This is typically the case at the onset of
deformation in shape-memory alloys. The work done during the motion of a disconnection is small. If the material
is ferromagnetic or ferroelectric [41, 87], and if the magnetic or electric energy is comparable to the mechanical
work, motion of a disconnection can be triggered by an
electric or a magnetic field [41, 54, 87, 88]. The electric/
magnetic-field-induced stress is obtained from equating
electric/magnetic energy and mechanical work (Eq. 4).
Twinning models on the microscopic scale are appropriate when considering the contributions of the lattice and of
point defects to the strength of a material. Here, dislocation
theory developed for plastic deformation by glide can be
applied straightforwardly. The contribution of the lattice
depends exponentially on the Burgers vector [66] and is
particularly small for twinning systems with small twinning
shear [59]. The effect of solutes needs special attention if
short-range order is established. The change in local atomic
arrangements affects the motion of disconnections even
more than the motion of lattice dislocations [89], since the
transformation carried by the step height comes into play
[30]. This effect has already been recognized in 1952 by
Laves [90, 91].
In twinning of long-range ordered structures, shuffle severely affects the mobility of twin boundaries. In the special
case where the shuffle of all atoms is parallel to the twinning direction, shuffle can be avoided completely by the
dissociation of perfect twinning disconnections into partial
twinning disconnections. A detailed discussion of the effect
of step height and shuffle on disclination mobility is given
in [30].
With increasing stress level, disconnections are pressed
closer together and their separation decreases. The out-ofplane separation between ‘neighboring’ disconnections becomes more significant and results in the formation of
superdisconnections and disconnection walls. With increasing stress level and decreasing disconnection separation, the
properties of the individual disconnections becomes less
significant. The deformation mechanisms become controlled by the group-properties of disconnections. The collective properties of disconnection groups can be modeled
numerically [68]. The collective properties can also be described in terms of continuous distributions of dislocations
[66] or by disclinations and Somigliana dislocations [32,
35].
At an intermediate stress level, single disconnection descriptions and mesoscopic models (disclinations and Somigliana dislocations) both may fall short. The spacing of
disconnections is not homogeneous on a mesoscopic scale
resulting in twin boundary curvature. The twin boundary
Z. Metallkd. 97 (2006) 3

may feature convex, concave and convex/concave shapes.
Analytical descriptions of the twin shape are given in [92,
93]. In ferroelectric and ferromagnetic materials, the twin
shape may furthermore be significantly affected by electrostatic and magnetic interaction. Numerical approaches are
particularly useful on this stress level (e. g. [68]).
The success of the mesoscopic disclination dipole model
stems from the fact that it is not a simple averaging. The
disclination properties are related to microscopic defects
(dislocations, disconnections) and microscopic mechanisms (the cooperative motion of dislocations and disconnections). For the model of internal twinning, these mechanisms are taken into account in form of disclination arrays.
The disclination arrays in turn are built by arrays of disconnections. From the viewpoint of defect structure and micromechanism, the formation of structured twins is very similar to the formation of shear bands in steel [94 – 96].
Differences are mainly due to crystallography.
In structural materials, the nucleation of twins requires
stress concentrations which are build up during plastic deformation by glide dislocations. In these materials, twin interaction can result in the formation of complex twin structures (see e. g. Fig. 10). The formation of such structures
involves the motion of many dislocations and disconnections. In the example given in Fig. 10, this number exceeds
10 000. An exact microscopic treatment is impossible. A
mesoscopic model contains only a few parameters, namely
the twin thickness (equaling the disclination dipole arm
2a), the perfect twinning shear s, and the average disconnection strength x0 . From these parameters, the orientation,
volume fraction, and separation of all crystallites in Fig. 10
can be derived [18, 74, 80, 85].
The presented models are – as any model – simplifications. Some aspects are treated in an entirely two-dimensional approach, e. g. the twin-intersection mechanism
(Section 4a). The propagation of the disclination dipole
through the barrier twin requires the nucleation of dislocation loops (represented by dislocation dipoles in Fig. 8b),
which is an inherently three-dimensional process. Three-dimensional dislocation processes can be treated e. g. by
using computational methods and are beyond the scope of
this review.

References
[1] G. Kostorz, P. Müllner: Z. Metallk. 96 (2005) 703.
[2] H. Heinrich, G. Kostorz, B. Heeb, R. Müller, T. Schweizer,
L.J. Gaukler: Ultramicroscopy 49 (1993) 265.
[3] J. Dutkiewicz, G. Kostorz: Mater. Sci. Eng. A 132 (1991) 267.
[4] J. Dutkiewicz, G. Kostorz: Phys. Stat. Sol. (a) 123 (1991) 63.
[5] H. Heinrich, H.P. Karnthaler, T. Waitz, G. Kostorz: Mater. Sci.
Eng. A 272 (1999) 238.
[6] H. Heinrich, P. Szászvári, D. Wilkins, G. Kostorz, in: F. Aldinger,
H. Mughrabi (Eds.), Werkstoffwoche 96, DGM Informationsgesellschaft mbH (1997) 447.
[7] P. Szászvári, D. Wilkins, H. Heinrich, G. Kostorz: Mater. Sci. Eng.
A 234 – 236 (1997) 354.
[8] H. Heinrich, V. Abcherli, D.J. Wilkins, G. Kostorz: Mater. Res.
Sypm. Proc. 252 (MRS, Warrendale, 1999) KK1.4.1.
[9] M. Terheggen, H. Heinrich, G. Kostorz, A. Romeo, D. Baetzner,
A.N. Tiwari, A. Bosio, N. Romeo: Thin Solid Films 431 – 432
(2003) 262.
[10] V. Nadenau, D. Hariskos, H.-W. Schock, M. Krejci, F.-J. Haug,
A.N. Tiwari, H. Zogg, G. Kostorz: J. Appl. Phys. 85 (1999) 534.
[11] M. Krejci, A.N. Tiwari, P. Schwander, H. Heinrich, H. Zogg,
G. Kostorz, in: EUREM-11, Vol. 2, edited and published Comm.
Europ. Soc. Microsc. (Brussels 1998) 230.

215

B

Basic
P. Müllner: Between microscopic and mesoscopic descriptions of twin – twin interaction

[12] M. Krejci, A.N. Tiwari, H. Zogg, P. Schwander, H. Heinrich,
G. Kostorz: J. Appl. Phys. 81 (1997) 6100.
[13] D. Brewster: Edinburgh J. of Sci. 9 (1828) 311.
[14] F. Pfaff: Pogg. Ann. Phys. Chem. 107 (1859) 333.
[15] E. Reusch: Pogg. Ann. Phys. Chem. 132 (1867) 441.
[16] G. Rose: Abh. Königl. Akad. Wiss. Berlin (1869) 57.
[17] A. Johnson: Fortsch. Min. Kristall. Petrogr. 3 (1913) 93.
[18] J.W. Christian, S. Mahajan: Prog. Mater. Sci. 39 (1995) 1.
[19] F.C. Frank, J.H. van der Merwe: Proc. Roy. Soc. London A 198
(1949) 205.
[20] A.H. Cottrell, B.A. Bilby: Phil. Mag. (ser. 7) 42/329 (1951) 573.
[21] A. Seeger: Z. Metallk. 44 (1953) 247.
[22] J.P. Hirth, R.W. Balluffi: Acta Metall. 21 (1973) 929.
[23] A.H. King, Smith: Acta Cryst. A 36 (1980) 335.
[24] A. Brokman: Acta Cryst. A37 (1981) 500.
[25] A.H. King: Acta Metall. 30 (1982) 419.
[26] J.P. Hirth: J. Phys. Chem. Sol. 55 (1994) 985.
[27] R.C. Pond, J.P. Hirth: Solid State Physics 47 (1994) 287.
[28] J.P. Hirth, R.C. Pond: Acta Mater. 44 (1996) 4749.
[29] R.C. Pond, F. Sarrazit: Interface Science 4 (1996) 99.
[30] R.C. Pond, S. Celotto: Intern. Mater. Rev. 48 (2003) 225.
[31] R.W. Armstrong: Science 162 (1968) 799.
[32] A.E. Romanov, V.I. Vladimirov, in: F.R.N. Nabarro (Ed.), Dislocations in Solids, Vol. 9, (Elsevier, Amsterdam 1992) 191.
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